A limitation of current methods for examining neural activity over long periods of time in the 13 fly, Drosophila melanogaster, is the need to remove the head cuticle and the underlying tissue 14 to gain optical access to the brain, a process that damages circulation and restricts the length 15 of imaging time. Here, we developed a non-invasive preparation for structural and functional 16 imaging of the fly brain through the intact head cuticle. We first showed that the head cuticle 17 transmits long-wavelength laser light with surprisingly high efficiencies. In fact, the tissue 18 that interferes with laser light during multiphoton imaging is the air sacs underneath the 19 head cuticle. We developed a non-invasive imaging preparation that compresses the air sacs, 20 and used it to image the mushroom body Kenyon cells and central complex ring neurons 21 through the cuticle at cellular resolution using both 2-and 3-photon microscopy. We also 22 performed non-invasive short-term and long-term functional imaging (for the first time for 23 12 consecutive hours) of odour-evoked calcium responses from the mushroom body Kenyon 24 cells. Our results demonstrate that the non-invasive imaging preparation developed here 25 extends the time limits of current in vivo imaging methods used in flies that require an 26 invasive surgery, and opens up new ways to capture neural activity from the intact fly brain.
2
Main 28 Animal nervous systems across lineages have evolved to solve many of the same problems, such as 29 foraging for food and water, finding mates to reproduce, and avoiding predators to stay alive. They 30 navigate their environment via coordinated movements, and learn and remember the relative values 31 of sensory stimuli around them in order to maximize their fitness and survival. At each instant in 32 time, an animal must evaluate external sensory information and its current behavioural state to 33 decide what to do next 1-6 . A major technological challenge to revealing how the brain encodes 34 behavioural states in real-time is that even the simplest neural computation involves interactions 35 across the nervous system at various time scales, while our tools for assessing neural activity are 36 restricted in time and space because of the currently available imaging sensors, methods, and 37 preparations 7 . Optical methods remain the most established and fruitful path for revealing 38 population dynamics in neural circuits at long time scales (ranging from minutes to hours) by 39 providing high temporal and spatial resolution measurements [8] [9] [10] . 40 The fly, Drosophila melanogaster, offers an ideal experimental system to investigate neural 41 correlates of behavioural states and decisions because of its compact nervous system and diverse 42 state-dependent behaviours that it executes in response to sensory stimuli 4, 11, 12 . To understand 43 how molecularly defined neural circuits evaluate sensory information in different behavioural 44 states, it is critical to capture the activity of populations of neurons over long time scales as flies are 45 changing their physiological needs 8, 13 . These functional imaging experiments require non-invasive 46 imaging preparations, which should allow chronic neural activity imaging for at least 12 to 24 47 hours. Current methods used in fly optical physiology require the fly head cuticle, trachea, and fat 48 body to be removed by microsurgery to provide optical access to the nervous system [14] [15] [16] [17] [18] . These 49 preparations are limited in imaging duration because after some time, the brain tissue starts dying 50 due to damaged circulation resulting from the cuticle removal surgery. For example, with current 51 imaging preparations, fly olfactory neurons show reliable Ca 2+ responses for about four to five 52 3 hours after surgery 18 . A non-invasive imaging method and a preparation in which the head cuticle 53 and underlying tissue are left intact, thereby eliminating the need for traumatic head surgery before 54 functional imaging, is essential for advancing fly neuroscience research in the direction of chronic 55 recordings of neural activity during ongoing behaviours. This includes being able to image the 56 same fly brain across multiple days. In mice, multi-day imaging experiments are achieved by 57 implanting a cranial window following removal of part of the skull 19, 20 . Similar imaging 58 preparations have been developed for flies 14, 16, 21 . However, because imaging window 59 implantation requires a tedious surgery with low success rates and complications that occur 60 afterwards, these methods are not commonly used. 61 A recent development in in vivo multiphoton imaging is the use of long wavelength lasers in 62 3-photon (3P) microscopy which improves the signal-to-background ratio by several orders of 63 magnitude compared to current 2-photon (2P) imaging methods [22] [23] [24] . For example, 3P excitation at 64 1300 nm allows the functional imaging of neurons labelled with a genetically encoded Ca 2+ 65 indicator GCaMP6 in the CA1 hippocampal region in an intact mouse brain 24, 25 . Recently, 3P 66 microscopy at 1700 nm excitation has shown promising results in imaging the fly brain through the 67 cuticle 26 . 68 Here, we developed a non-invasive imaging preparation for flies to image neural structure 69 and activity through the intact head cuticle with both 2P and 3P microscopy. We first measured the 70 ballistic and total optical transmission of long-wavelength lasers through the dorsal fly head cuticle 71 and surprisingly found that the cuticle has high transmission at the wavelengths that are used to 72 excite fluorophores in 2P and 3P microscopy. We showed that the tissue that interferes with the 73 laser light and limits imaging through the cuticle into the brain is not the head cuticle but the air 74 sacs and the trachea underneath the cuticle. Next, we developed a new imaging preparation that 75 mildly compresses the air sacs and allows non-invasive imaging of the fly brain without any 76 surgery. Using this imaging preparation, we captured neural structures of mushroom body Kenyon 77 4 cells and the central complex ring neurons with cellular resolution at 910 nm (2P) and 1320 nm 78 (3P) excitation. We also performed short-term and long-term functional imaging of odour-evoked 79 neural activity of Kenyon cells comprising the mushroom body g-lobes using a genetically encoded 80 Ca 2+ indicator, GCaMP6s 27 . Kenyon cells are the primary intrinsic neurons in the insect mushroom 81 body. Diverse subtypes of Kenyon cells (n=~2200) extend their axons along the pedunculus and in 82 the dorsal and medial lobes [28] [29] [30] . These neurons receive and integrate information from 83 heterogeneous sets of projection neurons which carry olfactory, gustatory, and visual sensory 84 information 31, 32 . In our chronic 3P functional imaging experiments, we found that odour evoked 85 Ca 2+ responses in the mushroom body g-lobes change with time. 86 Our non-invasive imaging preparation developed here for the first time allows 2P and 3P 87 structural and functional imaging of the fly brain without any microsurgery, opening a door to 88 capturing neural activity at long time scales and potentially through the entire lifespan of flies. 89 Ultimately, we expect that our results will push forward the current methods that are used for 90 anatomical and functional imaging of the adult fly nervous system in vivo.
91

Results
92
Fly head cuticle transmits long wavelength laser light with high efficiency 93 To develop a non-invasive imaging preparation using multiphoton microscopy, we first tested the 94 transmission of infrared wavelengths through the fly head cuticle. Previous experiments showed 95 that the dorsal head cuticle of Drosophila melanogaster transmits light with increased efficiency at 96 longer wavelengths 33 . We measured the total and ballistic transmission of infrared wavelengths 97 through the cuticle. Dissected head cuticle samples were mounted between two glass coverslips, 98 and placed in the beam path between the laser source and the photodetector (Fig. 1a) . The total and 99 ballistic transmission through the cuticle samples were measured using a custom-built system ( Fig.   100 1b). For ballistic transmission, light from a single-mode fibre was magnified and focused on the 101 cuticle with a ~25µm spot size. Fig. 1c illustrates the light path of ballistic transmission 102 5 experiments. The sample was moved around to obtain measurements at different locations on the 103 same sample. Ballistic transmission through the cuticle was measured at seven different 104 wavelengths (852 nm, 915 nm, 980 nm, 1054 nm, 1310 nm, 1510 nm, 1630 nm) . Our results 105 showed that ballistic transmission of the laser light through the cuticle samples increased with laser 106 wavelength ( Fig. 1d ). At all of the laser wavelengths tested, the ballistic transmission through the 107 cuticle was surprisingly high, reaching up to >90% at 1310 nm (Fig. 1d ). The fluorescence signal 108 within the focal volume in 2P-and 3P-microscopy is mostly generated by the ballistic photons. 109 Next, we measured the total transmission through the head cuticle. For these measurements, 110 laser light from a single mode fibre was magnified and focused on the cuticle sample with a ~50µm 111 spot size. An integrating sphere was placed immediately after the cuticle to measure the total laser 112 transmission. Fig. 1e we found that the total transmission increases with wavelength, reaching a plateau around 915 nm 116 ( Fig. 1f ). The total transmission at shorter wavelengths, 532 nm and 633 nm, was also relatively 117 high (>60%) which is critical for collecting emitted fluorescence produced by green (532 nm) and Based on our results for cuticle transmission, we next used a non-invasive imaging preparation and 124 a custom-built multiphoton microscope equipped with a wavelength-tuneable 2P and 3P laser 125 system to image the fly brain in head-fixed flies in vivo ( Fig. 2a , Methods). We developed three 126 types of non-invasive imaging preparations with different head compression levels: no 127 6 compression, semi-compression, and full-compression ( Fig. 2b-2d , Methods). As a proof of 128 principle experiment, we expressed membrane tagged GFP selectively in mushroom body Kenyon 129 cells and imaged the fly brain through the cuticle using 2P and 3P excitation at 910 nm and 1320 130 nm laser wavelengths, respectively ( Fig. 2e-2g in semi-compressed preps compared to full-compressed preps, thus we used semi-compressed 142 preps in all further structural and functional imaging experiments with 2P and 3P excitation. 143 We also investigated why head compression improves image quality in intact flies. Our 144 hypothesis is that head compression reduces the volume of the air sacs and surrounding tissue, 145 allowing better transmission of the long wavelength laser light through the structures underneath 146 the head cuticle including dorsal air sacs and other tracheal branches. To test our hypothesis, we 147 surgically removed air sacs from one side of the fly head and imaged the brain using 2P and 3P 148 excitation without any head compression. As predicted, in both 2P and 3P imaged flies, we were 149 able to see the mushroom body lobes on the side where air sacs were removed but not on the side 150 with intact air sacs ( Supplementary Fig. 1a -1c, Supplementary video 3). Our results clearly showed 151 that the tissue that interferes with 2P and 3P laser light is not the cuticle itself but the air sacs and 152 7 the other tissues that are underneath the head cuticle. In parallel to our findings, a recent study also 153 showed that deflating the trachea within the fly brain increases the maximal imaging depth of 154 multiphoton microscopy 36 .
155
3P non-invasive imaging of mushroom body Kenyon cells and central complex ring neurons
156 at cellular resolution. 157 Our non-invasive imaging experiments showed that through-cuticle imaging is possible with both 158 2P and 3P excitation. For further detailed structural imaging experiments, we used 3P excitation at 159 1320 nm. We imaged different anatomical compartments of the mushroom body Kenyon cells and 160 central complex ring neurons at cellular resolution ( Fig. 3 ). We started acquiring images from the 161 deepest structures we could detect in the brain (depth=~150 µm), then moved to shallower areas in 162 ~0.5 µm depth increments and ended imaging outside of the head cuticle ( Fig. 3a-3e ). In the flies 163 expressing membrane tagged GFP specifically in the mushroom body Kenyon cells, we were able 164 to visualize the calyx and axonal tracts along the peduncle as well as the dorsal and medial lobes 165 containing α, β and γ branches, respectively ( Fig. 3a-3b,) . In addition to the fluorescence signal, 166 adipose, epithelial-like tissues, and tracheal branches surrounding the mushroom body lobes 167 produced a bright Third Harmonic Generation (THG) signal (yellow) 37 . The tracheal branches 168 were most apparent near the medial lobes at 96 µm depth ( Fig. 3a , mid panel). When we focused on 169 the calyx region at higher magnification using a compressed imaging prep with the posterior brain 170 positioned closer to the objective lens, we were also able to distinguish single Kenyon cell bodies, 171 which are densely packed around the calyx (Fig. 3c ). 172 Next, we imaged the central complex, another higher order processing centre, that is located 173 in the dorsal and medial part of the fly brain ( Fig. 3d-3g ). The insect central complex is highly 174 interconnected brain neuropil which processes sensory information and guides a diverse set of 175 behavioural responses which include navigation, walking initiation, and turning direction [38] [39] [40] . It is 176 composed of functionally distinct, but anatomically connected, compartments: the protocerebral 177 8 bridge, ellipsoid body, fan-shaped body, and the paired noduli 38 . The ellipsoid body consists of a 178 group of neurons, the ring neurons, that extend their axons to the midline and form a ring-like 179 structure that is composed of different layers 38, 39, 41 . Using an ellipsoid body-specific promoter, we 180 expressed membrane tagged GFP in the fly brain and imaged the ring neurons through the cuticle at 181 1320 nm (Supplementary video 4 & 5) . Ring neuron cell bodies, as well as the lateral triangle and 182 the ellipsoid body layers, were clearly visible ( Fig. 3d & 3e ). Using ring neuron arbours and 183 tracheal branches, we estimated the lateral resolution of our 3P images. The full width at half 184 maximum (FWHM) of the lateral brightness distribution measured by a ring neuron's neurite cross 185 section was ~1.24 µm for the fluorescent signal ( Fig. 3f ) and ~0.79 µm for tracheal branches 186 captured by the THG signal ( Fig. 3g ). We were also able to image the ellipsoid body neuropil with 187 2P excitation through the cuticle. Compared with 3P excitation, the resolution and contrast in 188 images taken by 2P excitation is somewhat reduced in the semi-compressed preparation 189 ( Supplementary Fig. 2a & 2b) . We also repeated our 3P imaging experiments using a fibre laser- Supplementary Fig. 3a & 3b) , indicating that a more compact, less powerful laser source is 193 adequate for imaging fly brain structures with 3P microscopy. 194 Our results demonstrate that non-invasive 3P microscopy is able to capture single neurons Encouraged by our structural imaging results, we next tested the applicability of 2P and 3P 200 microscopy to capture neural activity in the fly brain through the intact head cuticle. In these 201 experiments, a custom odour delivery and behaviour system was used, where flies were head fixed 202 9 on a polymer ball under the microscope (Fig. 4a-4c ). We expressed GCaMP6s selectively in 203 Kenyon cells and stimulated the fly olfactory sensory organ, the antenna, with the food odour apple 204 cider vinegar (Fig. 4b ). Using a multiphoton scanning microscope, odour evoked Ca 2+ responses of 205 mushroom body g-lobes were simultaneously captured with 2P (910 nm) and 3P (1320 nm) 206 excitation using temporal multiplexing and the semi-compressed imaging prep ( Fig. 4a-4e , 207 methods). A brief 3s odour stimulus triggered a robust fluorescence increase in Kenyon cell axons 208 comprising the mushroom body g-lobes ( Fig. 4f, Supplementary video 6) . Kenyon cell axons are 209 innervated by distinct subsets of dopaminergic neurons, which carry contextual information to the 210 mushroom body depending on the fly's previous experiences. Based on dopaminergic innervation, 211 g-lobes can be subdivided into five anatomical compartments 42 ( Fig. 4d & 4e ). To determine 212 whether the localized dopaminergic input along the Kenyon cell axons impacts the olfactory 213 responses in the g-lobes, we calculated the normalized peak fluorescence signal in each 214 compartment of the g-lobes. We found no differential responses in DF/F0 amplitude to food odour 215 across different compartments of the mushroom body or between 2P and 3P excitation of 216 GCaMP6s ( Fig. 4g-4i , Supplementary Fig. 4a ). Using a full-compressed imaging preparation, we 217 also imaged the Kenyon cell body responses to odour stimulation and were able to manually 218 distinguish single cell Ca 2+ traces on a given imaging plane ( Supplementary Fig. 4b & 4c ). 219 Together, these results suggested that 2P and 3P microscopy with 910 nm and 1320 nm 220 excitation, respectively, are effective in capturing odour evoked Ca 2+ responses in the mushroom 221 body lobes and cell bodies through the intact head cuticle, and achieve temporal resolution imaging of the fly brain in response to odour stimulation to longer time scales (12 hours). Using 228 our custom odour delivery system, we stimulated the fly antenna with apple cider vinegar in ~10 229 minute sessions every four hours while imaging through the head cuticle using our 3P microscope 230 ( Fig. 5a ). To determine the absolute signal level during long-term imaging, we first calculated the 231 photon counts for representative trials at each time point from the mushroom body g2 compartment. 232 The photon counts per pixel per second had magnitudes above baseline similar to previously 233 reported levels for 3P excitation of GCaMP6s protein in the mouse brain 23 ( Supplementary Fig. 5 ). 234 Next, we analysed the average odour responses per fly in each g-lobe compartment and time 235 point ( Fig. 5b-5e ). We calculated the normalized peak fluorescent signal and the area under the 236 normalized fluorescence curve, as metrics representing the odour response strength and persistence 237 during chronic imaging, respectively. Our analysis showed that the evoked response to food odour 238 did not change with food and water deprivation in any of the imaged g-lobe compartments (Fig. 5f ). 239 However, the persistence of the odour evoked Ca 2+ response in all of the g-lobe compartments 240 increased as the experiment progressed (Fig. 5g) . We especially noticed a change at 4 hours after 241 the first odour trial, which may reflect a critical state change in the nervous system. Flies continued 242 to show robust calcium responses for at least 4 hours after the change in dynamics ( Fig. 5b-5e ). 243 During these long-term imaging experiments, we captured the fly's behaviour in parallel 244 with the odour stimulation to assure that the fly stayed alive during long-term imaging 245 ( Supplementary Fig. 6 ). We also checked for heat induced damage after 3P imaging in flies using 246 HSP70 protein as a marker for stress response in glial cells and neurons 43, 44 . We first tested 247 whether HSP70 protein levels reflect heat induced stress response in the fly brain by placing flies in 248 a 30 o C incubator for 10 minutes and staining for HSP70 protein right after the incubation. Flies that 249 were kept at room temperature had low levels of the HSP70 protein in a very small number of 250 neurons in the brain ( Supplementary Fig. 7a ). In contrast, placing flies in a 30 o C incubator for 10 251 minutes caused a significant increase in the number of HSP70 positive neurons and an elevation of 252 11 HSP70 protein levels across the fly brain ( Supplementary Fig. 7b ). Next, we tested whether 3P 253 imaging causes a heat induced stress response in fly neurons. Head-fixed flies in a semi-254 compressed imaging prep were imaged for 10 minutes using 3P excitation at 1320nm. we chose to 255 use 10 minutes because this is the total amount of imaging time per time point during our chronic 256 functional imaging experiments. Our results showed that there was no obvious tissue damage or 257 heat-stress response detected by the HSP70 protein levels at the average power levels that we used 258 for functional imaging experiments (~20mW) ( Supplementary Fig. 7c ). However, increasing laser 259 power (~25mW) caused structural abnormalities and a significant increase in HSP70 protein levels 260 in the fly brain ( Supplementary Fig. 7d ). These results suggested that 3P non-invasive imaging of 261 the fly brain is safe at lower power levels we used in our experiments, and the non-invasive we extensively analysed the fly cuticle by measuring its ballistic and total transmission efficiency 272 across different laser wavelengths. Our results showed that the fly cuticle transmits long 273 wavelength light with high efficiency (Fig. 1) . Surprisingly, the transmission at 915 nm 274 wavelength, which is used for 2P microscopy, is only slightly lower than 1320 nm, which is used 275 for 3P excitation of GFP and GCaMP. Based on these results, we investigated the use of 2P and 3P 276 microscopy for non-invasive anatomical imaging of the fly brain. We showed that both 2P and 3P 277 12 microscopy can be used for non-invasive imaging of fly brain structure and function (Fig. 2-4) . 278 While 3P imaging appeared to have higher contrast than 2P imaging, we did not see noticeable 279 difference in the recorded activity traces when performing simultaneous 2P and 3P functional 280 imaging of the mushroom body. We also showed that the tissues interfering with the transmission 281 of the 2P and 3P excitation light during in-vivo imaging are the air sacs located between the head 282 cuticle and the brain, rather than the head cuticle itself ( Supplementary Fig. 1) . By compressing the 283 fly head to a glass coverslip, we flatten this heterogenous tissue, which increases the transmission 284 of laser light and therefore allows high resolution, non-invasive imaging of the fly brain structures. 285 The non-invasive imaging method developed here also significantly extends the time frame Supplementary Fig. 4-7   326 Males, w 1118 /Y; 20XUAS-IVS-GCaMP6s; Mef2-GAL4. 327 
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Optical transmission measurements of the fly head cuticle 328 Drosophila cuticle was dissected from the dorsal head capsule of flies that are age and gender 329 controlled (male, 5 days old). The dissected cuticle was sandwiched between two #1.5 coverslips 330 with UV curable resin to avoid dehydration of the sample (Fig. 1a) . Measurements from each 331 dissected cuticle was done within a day. The first few measurements were repeated at the end of all 332 measurements to ensure that dehydration or protein degradation, which may vary the optical 333 properties of the tissue, did not happen as the experiment progressed. The total transmission and 334 ballistic transmission of cuticle samples were measured using a custom-built device (Fig. 1b) . Excitation source (Fig. 2-5 , Supplementary Fig 1,2 &3 (10SF10, Newport) and a silicon wafer are used to compensate for the dispersion of the optics of 364 the light source and the microscope including the objective, for 1320 nm. The laser repetition rate 365 is maintained at 1 MHz for both structural and functional imaging. 366 Excitation source ( Supplementary Fig. 3) : The alternative laser used as the excitation source for 3P 367 microscopy is an optical parametric amplifier (OPA, KM Labs), pumped by the KM Labs Y-368 Fi™HP. A two-prism glass compressor (SF 10 glass) is used to compensate for the normal 369 dispersion of the optics of the light source and the microscope. The Y-Fi™ OPA has an operating 370 wavelength centred at 1300 nm and outputs average power of ~400 mW (1 MHz repetition rate). 371 Pulse duration is less than 150 fs. Power control of the laser was achieved using a half wave plate 372 (HWP) (Thorlabs) and a polarizing beam splitter cube (PBS) (Thorlabs) and ScanImage module for 373 MATLAB (Mathworks).
374
Multiphoton microscopes 375 Imaging setup (Fig. 2-5, Supplementary Fig. 1,2 & 4,5) : The images were acquired with a custom-376 built multiphoton microscope. The scan lens is a C-coated achromat (AC254-030-C-ML, Thorlabs) 377 16 for high transmission at 1320 nm, and the transmission of the tube lens (Sutter Instrument) is 82%. 378 For imaging experiments that use GFP and GCaMP6s, we used a custom high numerical aperture 379 (NA) water immersion microscope objective (Olympus XLPLN25XWMP2, 25X, NA 1.05), which 380 is specially coated for high transmission (~70%) at 1320 nm. 2 detection channels were used to 381 collect the fluorescence signal and the third harmonic generation (THG) signal by photomultiplier 382 tubes (PMT) with GaAsP photocathode (H7422-40, Hamamatsu) . For GFP and GCaMP6s imaging 383 at 1320 nm, fluorescence signal and THG signal were selected by a 520/60 nm band-pass filter 384 (FF01-520/60-25, Semrock) and a 435/40 nm band-pass filter (FF02-435/40-25, Semrock), 385 respectively. For signal sampling, the PMT current is converted to voltage and low-pass-filtered 386 (200 kHz) by a transimpedance amplifier (C7319, Hamamatsu). Analog-to-digital conversion is 387 performed by a data acquisition card (NI PCI-6110, National Instruments). ScanImage 5.4 (Vidrio 388 Technologies) running on MATLAB (MathWorks) was used to acquire images and control a 3D 389 translation stage to move the sample (MP-285, Sutter Instrument Company). All imaging depths 390 and thickness are reported in raw axial movement of the motorized stage, unless otherwise stated. 391 Imaging setup ( Supplementary Fig. 3 ): Images were acquired using a custom-built multiphoton 392 microscope with a pair of galvanometric scanners (Cambridge Technology). The objective used 393 was a high numerical aperture water immersion objective (Olympus XLPLN25XWMP2, 25X, NA 394 1.05). Signal from specimens was collected through the objective and then reflected by multiple 395 dichroic beam splitters. (FF520-Di02-25 x 36, Semrock, and FF484-Di01-25 x 36, Semrock) to 396 the detectors. The two-channel detection system consists of a green fluorescence signal and third 397 harmonic generation (THG). ScanImage was used to control the ILS100CC motorized translation 398 stage (Newport). High-resolution structural images were typically taken with 512x512 399 pixels/frame, 0.24 Hz frame rate, and multiple frame averages at each depth. Simultaneous imaging with 2P excitation and 3P excitation is achieved by temporal multiplexing of 427 the 910-nm Ti:Sapphire laser and 1,300-nm Spirit-NOPA laser ( Fig. 4 and Supplementary Fig.4 ): 428 They were spatially overlapped at the same focal position after the objective. The 910-nm laser 429 was intensity modulated with an electro-optic modulator (EOM), switching it on for ∼1 µs between 430 two adjacent Spirit-NOPA laser pulses. The EOM is driven by a radio frequency signal triggered 431 by the Spirit-NOPA pulse train so that the sample is alternatively illuminated either with 910-nm 432 laser for 2P excitation or 1,320-nm laser for 3P excitation. By recording the NOPA pulses and the Supplementary Fig. 5 ).
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Immunohistochemistry for brain tissue damage assessment 459 To investigate laser-induced stress in the brain during 3-photon imaging through the intact head 460 cuticle, 1-2-day old male homozygous MB>GCaMP6s flies were imaged continually at 1320 nm 461 for 10 minutes. The laser was focused 70µm below the cuticle with ~20mW or ~25mW average 462 power. Flies were head compressed and fed 100mM sucrose before imaging to reproduce actual 463 experimental conditions. Laser exposed brains were dissected approximately 2 hours after 464 mounting. To test HSP70 antibody efficacy on fly brains, a positive control group of flies was first Resolution measurements: We measured the lateral brightness distribution of small features within 486 the GFP labelled fly brains (Fig. 3f ) and the THG signal (Fig. 3g) , which sets an upper bound on 487 the lateral resolution value. Lateral intensity profiles measured along the white lines were fitted by 488 a Gaussian profile for the estimation of the lateral resolution. 489 Image processing for structural imaging. TIFF stacks containing fluorescence data were converted 490 to 8 bits. When necessary, stacks were registered using the TurboReg plugin in ImageJ. Images 491 shown in Fig. 3 are an average of 3 z-stacks spanning 3 microns. 3D reconstructions of the z-stacks 492 were generated using the Imaris v9.2, Bitplane Inc., software available at http://bitplane.com. 493 Images shown in Supplementary Fig. 2 are an average of single z sections at different depths. 494 Image processing for activity recordings. TIFF stacks containing fluorescence data were converted 495 to 32 bits, and pixel values were left unscaled. When necessary, stacks were registered using the 496 TurboReg plugin in ImageJ. Images acquired during the multiplexed 2p-3p imaging sessions were 497 first median filtered with a filter radius of 10 pixels to reduce high amplitude noise. To compute 498 DF/F0 traces, g-lobe ROIs were first manually selected using a custom Python script. F0 was 499 computed as the average of 10 frames preceding stimulus onset. The F0 image was then subtracted 500 21 from each frame, and the resulting image was divided by F0. The resulting trace was then low-pass 501 filtered by a moving mean filter with a window size of 2 frames (8 frames for multiplexed activity 502 data). Data were analysed using Python (code available upon request) and plotted in Microsoft 503 Excel. Peak DF/F0 was determined by the peak value within 20 frames after the odour delivery. We 504 measured the persistence as the total area under the normalized curve after the peak DF/F0 value. To 505 prevent underestimating persistence as a result of negative values in the DF/F0 trace, values that 506 followed a zero-crossing were set to zero. Averaged traces were manually inspected for each lobe 507 and trial block, and rejected if peak DF/F0 was lower than the noise detected in the entire trial.
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These traces had lower than 0.1 peak DF/F0 value. These accounted for less than 15% of the total 509 trials in 3 flies tested for chronic imaging. 
